. Lipopolysaccharide downregulates macrophage-derived IL-22 to modulate alcohol-induced hepatocyte cell death. Am J Physiol Cell Physiol 313: C305-C313, 2017. First published June 21, 2017 doi:10.1152/ajpcell.00005.2017) is a Th17 cell hepatoprotective cytokine that is undergoing clinical trials to treat patients with alcoholic hepatitis (AH). Lipopolysaccharide (LPS) activation of macrophage is implicated in hepatocyte cell death and pathogenesis of AH. The role of IL-22 production from macrophage, its regulation by LPS, and effects on alcohol-induced hepatocyte cell death are unexplored and were examined in this study. Low levels of IL-22 mRNA/protein were detected in macrophage but were significantly upregulated by 6.5-fold in response to the tissue reparative cytokine IL-10. Conversely, LPS significantly decreased IL-22 mRNA levels in a temporal and concentration-dependent manner with a maximum reduction of 5-fold. LPS downregulation of IL-22 mRNA levels was rescued in the presence of a pharmacological inhibitor of c-Jun NH2-terminal kinase (JNK) and by JNK knockdown. Next, we explored whether macrophage-derived IL-22 regulated ethanol-induced hepatocyte death. Conditioned media from IL-10-stimulated macrophages attenuated ethanol-induced hepatocyte caspase-3/7 activity, and apoptosis as assessed by fluorometric assay and TdT-mediated dUTP nick-end labeling (TUNEL) staining, respectively. This effect was diminished in conditioned media from macrophages with IL-22 knockdown. Cytokine analysis in sera samples of patients with AH revealed that IL-22 levels were significantly elevated compared with healthy controls and heavy-drinking controls, implying a state of IL-22 resistance in human AH. Macrophage-derived IL-22 protects hepatocytes from ethanol-induced cell death. IL-22 downregulation is a new regulatory target of LPS in the pathogenesis of AH.
protective role in alcohol-induced liver damage by stimulating hepatocyte regeneration, although precise mechanisms by which this occurs remain incompletely defined (16) . Given the critical role of macrophages in alcoholic hepatitis (AH) and the putative role of LPS as a mediator of macrophage activation (13, 27, 29) , we tested the hypothesis that IL-22 may be produced by macrophages and downregulated by LPS.
IL-22 is a member of the IL-10 family of cytokines and is produced most notably by Th17 cells (5) . However, a variety of immune cells have been reported to produce IL-22, including CD4 ϩ T cells (Th1, Th17, and Th22), CD8 ϩ T cells, and even noninnate immune cells such as NKT cells and innate lymphoid cells (5, 34) . It was recently described that specific myeloid cells may also produce IL-22 in certain circumstances (5, 11, 34) . For example, macrophage-derived IL-22 was produced from human and mouse lung in response to lung injury (9) . In addition to their role in tissue inflammation, macrophages are also important for epithelial tissue repair and regeneration. Given the role of IL-22 in epithelial cell repair, we explored the potential role of macrophage-derived IL-22 in alcohol-induced hepatocyte injury in this study.
Based on the premise outlined above, we examine IL-22 production from macrophages in response to LPS and IL-10. We show that regenerative cytokines such as IL-10 can stimulate macrophage-derived IL-22 production. Conversely, LPS downregulates macrophage-derived IL-22 production. The inhibitory effect of LPS requires activation of the multifunctional kinase, c-Jun NH 2 -terminal kinase (JNK). Furthermore, macrophage-derived IL-22 protects hepatocytes from alcohol-induced cell death. Finally and unexpectedly, we demonstrate that sera IL-22 levels in patients with AH are elevated, suggesting that AH involves a state of IL-22 resistance. Our findings provide new insights into IL-22 function with implications for pathogenesis and treatment of AH.
MATERIALS AND METHODS
Isolation of primary cells. Lavage fluid from mouse peritoneal cavity was collected and centrifuged at 1,400 rpm for 10 min. Cellular sediments were mixed and then seeded onto 12-well plates in basal DMEM/F-12 (Life Technologies, Grand Island, NY) medium for 4 h to allow the macrophages to adhere to the plates, then refreshed with media with 10% fetal bovine serum (FBS; GIBCO, Grand Island, NY) medium, and cultured overnight. The isolated macrophages were then used for experiments. Kupffer cells were isolated and cultured using the methods described earlier (29) .
The use and care of the animals for these experiments were reviewed and approved by the Institutional Animal Care and Use Committee at the Mayo Clinic. Hepatocytes were isolated from wild-type C57BL/6 mice as described previously (19) . Briefly, a two-step collagenase perfusion technique was performed. After in situ perfusion of the liver with a calcium-free medium, followed by collagenase D (Roche Diagnostics, Indianapolis, IN), dispersed cell suspensions were purified by Percoll solution (Sigma-Aldrich, St. Louis, MO). The hepatocytes were cultured in DMEM containing 10% FBS and 1% penicillin-streptomycin (GIBCO).
Naïve T cells were isolated from wild-type C57BL/6 mice using EasySep Mouse Naïve CD4ϩ T Cell Isolation Kit (STEMCELL Technologies, Cambridge, MA). A 96-well plate was precoated with 2.5 g/ml anti-CD3ε (BioLegend, San Diego, CA) overnight, and then naïve T cells were seeded and cultured with cytokines for 5 days, including 10 g/ml anti-IL-4 (BioLegend), 25 ng/ml IL-6 (BioLegend), 25 ng/ml IL-23 (PeproTech, Rocky Hill, NJ), and 10 ng/ml transforming growth factor-␤ (BioLegend) to differentiate naïve T cells into Th17 cells (1, 20 A: mouse peritoneal macrophages and naïve T cells were isolated and naïve T cells were differentiated for 5 days in the presence of cytokines that promote differentiation toward Th17 cells. IL-22 mRNA levels were assayed using RT-quantitative PCR (RT-qPCR). The fold change of mRNA levels of IL-22 from macrophages and differentiated Th17 cells was calculated relative to the basal mRNA expression from naïve unstimulated peritoneal macrophage. B: ROR␥t marker mRNA level was assayed using RT-qPCR. C: mouse peritoneal macrophages were isolated and cultured in 12-well plates for 12 h and then treated with IL-10 (0.2 ng/ml) recombinant protein for 10 h. RAW 264.7 cells were seeded in 6-well plates and cultured overnight and then treated with IL-10 (0.2 ng/ml) protein for 10 h. IL-22 mRNA levels were determined by RT-qPCR. D: IL-22 protein levels were assayed in IL-10-induced macrophages by Western blot. GAPDH was used as an internal control. E: densitometry quantification is shown. F: liver resident primary macrophages were isolated with a 2-step perfusion-based method. After isolation, the macrophages were subjected to treatment with IL-10, where significantly enhanced IL-22 mRNA expression was observed with IL-10 stimulation compared with control as quantified by RT-qPCR (n ϭ 3). Values represent means Ϯ SE; *P Ͻ 0.05. tured in RPMI 1640 medium containing 10% FBS and 1% penicillinstreptomycin in a 5% CO 2 humidified atmosphere. For transfection experiments, cells were seeded onto six-well plates, and cultured for 24 h to be 50 -60% confluent on the day of transfection. The concentrations of compounds included 0 -1,000 ng/ml LPS (SigmaAldrich), 0 -100 ng/ml IL-10 (R&D Systems, Minneapolis, MN), 0 -20 M SP600125 (S-7979; LC, Woburn, MA), 10 M U0126 (InvivoGen, San Diego, CA), 10 M SB203580 (InvivoGen), and 50 mM BAY11-7082 (Santa Cruz Biotechnology, Dallas, TX). DMSO (Sigma-Aldrich) was used as a vehicle control.
RNA preparation and quantitative PCR. An RNeasy kit (QIAGEN, Germantown, MD) was used to extract total RNA from cells according to the manufacturer's instructions. One hundred nanograms of mRNA was used for cDNA synthesis with dNTP and oligo primer using SuperScript III (Invitrogen, Waltham, MA) first-strand synthesis system for reverse transcription PCR (RT-PCR) per the manufacturer's protocol. Real-time PCR was performed with the same amount of cDNA in a total 25-l-volume reaction using iQ SYBR Green supermix (Bio-Rad, Hercules, CA) and the QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's instructions as previously described (30) . Amplification of ␤-actin was performed in the same reaction for respective samples as internal control. Each experiment was done in triplicates. The cycling conditions were as follows: 2 min at 50°C and 10 min at 95°C followed by 39 cycles at 95°C for 15 s, 60°C for 1 min, 95°C for 10 s, and 65°C for 5 s. Primers used for this study are listed in Table  1 . Levels of mRNA were calculated using the 2
Ϫ⌬⌬Ct threshold cycle method and normalized to those of ␤-actin mRNA.
Western blot. Cells were lysed in RIPA buffer (Cell Signaling Technology, Danvers, MA). The samples were mixed with 1ϫ loading buffer [ Macrophage-derived IL-22 production is downregulated by LPS stimulation. A: RAW 264.7 cells were cultured in 12-well plates overnight and treated with LPS (100 ng/ml) for 4, 8, and 12 h. IL-22 mRNA levels were assayed by RT-qPCR. B: RAW 264.7 cells were seeded in 6-well plates, cultured overnight, and then treated with varying doses of LPS (1, 2.5, 5, 10, and 100 ng/ml) for 8 h. IL-22 mRNA levels were detected by RT-qPCR. C: mouse peritoneal macrophages were isolated and cultured in 12-well plates overnight and then treated with LPS (100 ng/ml) for 10 h. RAW 264.7 cells were seeded in 6-well plates and cultured overnight and then treated with LPS (100 ng/ml) for 10 h. IL-22 mRNA levels were assayed using RT-qPCR. D: IL-22 protein levels were detected in LPS-stimulated macrophages by Western blot. GAPDH was assessed as a leading control. E: densitometric quantification is shown. F: murine Kupffer cells were isolated with a 2-step perfusion-based method and cultured overnight in 24-well plates. Following culture, Kupffer cells were subjected to treatment with LPS (100 ng/ml). LPS treatment significantly reduced IL-22 mRNA expression compared with control cells as quantified by RT-qPCR analysis (n ϭ 3). G: Kupffer cells were stimulated with IL-10 alone or a combination of IL-10 treatment (0.10 ng/ml) followed by LPS (10 ng/ml) treatment. Cells were then cultured for 4 h, and IL-22 mRNA expression was assayed by RT-qPCR. IL-10 treatment significantly enhanced IL-22 mRNA expression; however, LPS stimulation abrogated the effects of IL-10 (n ϭ 3). Values represent means Ϯ SE; *P Ͻ 0.05. blue] and boiled for 15 min, and proteins were separated by SDS-PAGE. The separated proteins in the gels were electrophoretically transferred onto a nitrocellulose membrane at 100 V for 60 min. The blotted membrane was probed with primary antibodies, and GAPDH (Thermo Fisher Scientific) was used as an internal control. Immunoreactive bands were visualized using horseradish peroxidase-conjugated secondary antibody and the enhanced chemiluminescence system (Santa Cruz Biotechnology). All experiments were performed in triplicates, and protein quantitation was done by densitometry.
siRNA knockdown of JNK and IL-22. Small interfering RNA (siRNA) transfection was performed using mouse ON-TARGETplus MAPK8 (JNK1) or MAPK9 (JNK2) or IL-22 siRNA (Dharmacon, GE Healthcare, Lafayette, CO) according to the manufacturer's protocol. Knockdown efficiency was determined by real-time PCR for JNK1, JNK2, and IL-22 mRNA or by Western blot analysis.
Caspase-3/7 assay. Caspase activation and inhibition in response to ethanol and IL-22 were monitored using Apo-ONE (Promega, Fitchburg, WI) kit and using a Synergy H1 multiplate reader (Bio-Tek Instruments, Winooski, VT; Ref. 26 ).
TUNEL staining. The isolated primary hepatocytes were seeded onto a Lab-Tek Chamber Slide System (Nunc, Waltham, MA) overnight and then treated with condition media from IL-10-treated macrophages (0.2 ng/ml) alone or combined with ethanol (100 mM) for 48 h. Cells were washed and incubated with 4% paraformaldehyde solution for 1 h at room temperature and permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate) for 2 min on ice. Then, cells were incubated with TdT-mediated dUTP nick-end labeling (TUNEL) reaction mixture (Roche Diagnostics) in a humidified atmosphere for 1 h. The samples were visualized with Zeiss LSM 5 PASCAL confocal microscope, and images were processed with LSM Image software. TUNEL areas were quantified using ImageJ software.
IL-22 receptor neutralization. IL-22 receptor blocking on hepatocytes was achieved by utilizing neutralizing antibody directed against IL-22 receptor (1 g/ml; IL-22R1; R&D Systems). IL-22 receptorspecific neutralizing or control IgG antibody was added 4 h before the addition of recombinant IL-22. Hepatocytes were subjected to ethanol treatment, and caspase activation was monitored using the methods described earlier (29) . A: RAW 264.7 cells were cultured in 6-well plates overnight and then treated with LPS (100 ng/ml) for 0, 5, 15, 30, 60, and 120 min. Total (T-) and phosphorylated (P-) JNK, ERK, and p38 were assayed by Western blot. GAPDH was detected as a loading control. B: densitometric quantification from multiple experiments showed the changes of phosphorylation of JNK, ERK, and p38. C: RAW 264.7 cells were seeded in 6-well plates, cultured overnight, and then pretreated with JNK, ERK, p38, or NF-B inhibitors for 1 h. After pretreatment, cells were coincubated with LPS (100 ng/ml) for 5 h. RT-qPCR was used to determine IL-22 mRNA levels. D: RAW 264.7 cells were seeded in 6-well plates, cultured overnight, and then pretreated with JNK inhibitor (1, 2, 10, or 20 M) for 1 h. After pretreatment with JNK inhibitor, cells were coincubated with LPS (100 ng/ml) for 5 h. IL-22 mRNA levels were assayed by RT-qPCR. E-G: RAW 264.7 cells were cultured in 6-well plates for 8 h and then transfected with JNK1 or JNK2 siRNA (si-) or control siRNA. Thirty-six hours posttransfection, LPS (100 ng/ml) was added into the culture media and cells were coincubated with LPS for 10 h. JNK1 and JNK2 mRNA and protein levels were assayed by RT-qPCR and Western blot, respectively. IL-22 mRNA levels were determined by RT-qPCR. Values represent means Ϯ SE; *P Ͻ 0.05.
Human sera IL-22 and other chemokines/cytokines assay. Samples were collected from Mayo Clinic, Indiana University, and Virginia Commonwealth University through the Translational Research and Evolving Alcoholic Hepatitis Treatment (TREAT) Consortium. Clinical and demographic information about this cohort has been recently published (18) . This study obtained ethics approval from the institutional review board, and patients' consents were obtained before study. Sera samples were stored in individual blood collection tubes and kept at Ϫ80°C until required. Sera IL-22 levels were assayed by a bead-based multiplex ELISA from patients with alcoholic hepatitis, healthy controls, and chronic heavy alcohol intake but no liver disease.
Statistical analysis.
Results are expressed as means Ϯ SE from three or more independent experiments. Two-tailed Student's t-test or ANOVA was used to test the statistical significance between groups as appropriate. A P value of Ͻ0.05 was considered as statistically significant.
RESULTS
Macrophages produce IL-22 with upregulation in response to IL-10. We first examined whether IL-22 production could be detected from macrophages. We isolated mouse peritoneal macrophages, which were recently showed to contribute to the siRNA or control siRNA (si-Con). Twenty-four hours posttransfection, IL-10 (0.2 ng/ml) was added into the culture media, cells were coincubated for 36 h, cell lysates were collected for IL-22 analysis, and supernatants were stored for primary hepatocyte incubation. IL-22 mRNA level was assayed by RT-qPCR. B: IL-22 protein level was detected by Western blot. HSC70 was detected as a loading control. Veh, vehicle control. C: mouse primary hepatocytes were isolated, seeded in 96-well plates, and cultured overnight. Cells were treated with the recombinant IL-22 protein or conditional media and/or coincubated with ethanol (ETOH; 100 mM) for 24 h. Caspase inhibitor was used as a negative control. Caspase-3/7 activity was detected using Apo-ONE kit. D: primary mouse hepatocytes were seeded in 8-well chamber slides, cultured overnight, and then treated with the recombinant IL-22 protein or conditional media and/or coincubated with ethanol (100 mM) for 48 h. Caspase activator was used as a positive control. In situ cell death detection kit was used to detect TUNEL expression. Slides were analyzed by laser confocal microscopy; 15-20 images in each well were taken and then quantified and analyzed. Values represent means Ϯ SE; *P Ͻ 0.05. DAPI, 4=,6=-diamidino-2-phenylindole; sup, supernatant.
recruited hepatic macrophage pool (32) . Induced differentiation of naïve T cells to Th17 cells were used as a positive control for IL-22 production (16). Similar levels of IL-22 mRNA levels were detected in peritoneal macrophages and naïve T cells, which were lower by severalfold compared with Th17 cells (P Ͻ 0.05; Fig. 1A ). ROR␥t marker was assayed to confirm Th17 cell phenotype (Fig. 1B) . In addition, IL-22 mRNA and protein were detected from both primary murine peritoneal macrophages and macrophage cell line RAW 264.7 cells using PCR and immunoblot analysis, respectively (Fig. 1,  C-E) . Given IL-10 is a tissue-reparative anti-inflammatory cytokine (14), we treated macrophages with IL-10 recombinant protein (0.2 ng/ml) to determine whether it may upregulate IL-22 production from macrophages. IL-22 expression at mRNA level was twofold higher in IL-10-induced macrophages compared with control macrophages (P Ͻ 0.05; Fig.  1C ). Similar results were obtained in murine primary Kupffer cells where IL-22 mRNA levels increased sixfold in response to IL-10 stimulation (Fig. 1F ). These data indicate that macrophages produce IL-22 and that its production is upregulated by the reparative cytokine IL-10.
Macrophage-derived IL-22 production is downregulated by LPS stimulation.
After establishing that macrophages produced IL-22, we next sought to determine whether the proinflammatory LPS, which is commonly elevated and a macrophage activation-associated factor in patients with alcoholic hepatitis, has any effect on IL-22 expression. We examined dose and time kinetics of the IL-22 expression under RAW 264.7 macrophage stimulation with LPS, which revealed a dose-and time-dependent reduction of IL-22 mRNA levels on LPS stimulation (Fig. 2, A and B) . Following LPS stimulation, IL-22 expression at both mRNA and protein levels was also significantly decreased in primary peritoneal macrophages (Fig. 2, C-E) . We observed similar repression of IL-22 mRNA levels when Kupffer cells were subjected to LPS exposure (Fig. 2F) . When IL-10-treated Kupffer cells were further subjected to a secondary challenge with LPS, the IL-10-mediated IL-22 upregulation was lost (Fig. 2G) . These results further indicate that LPS downregulates macrophage-derived IL-22 production. Taken together, they also support the concept that modulation of IL-22 with IL-10 and LPS shares a common JNK signaling pathway (n ϭ 3; P Ͻ 0.05).
IL-22 downregulation in LPS-stimulated macrophage occurs via JNK pathway.
Next, we explored the regulatory mechanism of IL-22 downregulation in the macrophage response to LPS. LPS activates macrophages via Toll-like receptor 4 (TLR4)-mitogen-activated protein kinase (MAPK) pathway (2, 6, 25) . To explore whether MAPKs (JNK, ERK, and p38) were involved in LPS attenuation of IL-22, we examined phosphorylation of these MAPK family members. As illustrated in Fig. 3A and B, LPS significantly induced phosphorylation of JNK, ERK, and p38 proteins in RAW 264.7 cells. Furthermore, IL-22 reduction in LPS-induced macrophages was reversed by a pharmacological JNK inhibitor (SP600125; 10 M) but not by ERK, p38, and NF-B inhibitors (Fig. 3, C  and D) . The effects of the JNK inhibitor on IL-22 production were dose-dependent and not only blocked LPS-induced inhibition, but also led to a further 5.1-fold increase in IL-22 production (Fig. 3, C and D) . Next, we sought to clarify the JNK isoform involved in this effect on IL-22. JNK1 and JNK2 forms are expressed in many cells, including macrophages (10, 25) . To explore the differential effect of JNK1 and JNK2 on IL-22 downregulation in LPS-stimulated macrophages, JNK1 or JNK2 was knocked down in RAW 264.7 cells using siRNA. Figure 3 , E and F, confirms JNK1 and JNK2 knockdown at mRNA and protein levels. Figure 3G showed that both JNK1 and JNK2 knockdown significantly reversed IL-22 downregulation in LPS-stimulated RAW 264.7 cells. JNK1 form induced 1.7-fold increase in IL-22 suppression, whereas JNK2 form knockdown achieved a 2.1-fold increase. In summary, these results indicate that both JNK1 and JNK2 mediate the LPSinduced downregulation of IL-22 in macrophages.
Macrophage-derived IL-22 protects hepatocytes from alcohol-induced damage. Next, we examined whether macrophagederived IL-22 can play a hepatoprotective role against alcoholinduced damage in vitro, especially hepatocyte apoptosis. For these experiments, we harvested conditioned media from macrophages in which IL-22 production was manipulated by IL-22 siRNA and/or IL-10 stimulation. Indeed, IL-22 siRNA markedly reduced IL-22 mRNA and protein levels from RAW 264.7 cells at basal levels and after IL-10 stimulation (Fig. 4, A and  B ). Next, we tested caspase-3/7 activity and TUNEL expression in alcohol-induced hepatocytes incubated with the various macrophage-derived conditioned media. As illustrated in Fig.  4 , C and D, incubation of hepatocytes with recombinant IL-22 protein (10 ng/ml) markedly reduced alcohol-induced caspase-3/7 activity and TUNEL-positive hepatocytes as a positive control, indicating that IL-22 protects against alcohol-induced hepatocyte death. Conditioned media from IL-10-treated macrophages with control siRNA transfection also attenuated alcohol-induced hepatocyte caspase-3/7 activity and TUNEL staining (Fig. 4, B and C) . This effect on hepatocytes was diminished when using conditional media from IL-10-treatedmacrophages with IL-22 knockdown (Fig. 4, C and D) . These results indicate that macrophage-derived IL-22 can protect hepatocytes from alcohol-induced apoptosis and increased survival. To determine whether the caspase inhibitory function of IL-22 is specific and dependent on binding of IL-22 with its receptor, we utilized a neutralizing antibody directed against IL-22 receptor. We subjected mouse primary hepatocytes to ethanol/IL-22 treatment. Ethanol treatment was associated with significantly enhanced caspase-3/7 activation compared with control cells, whereas pretreatment of cells with recombinant IL-22 abolished caspase activation by ethanol (Fig. 5) . In presence of IL-22 neutralizing antibody, IL-22-mediated caspase inhibitory function was lost in the ethanol-treated cells (Fig. 5 ). These observations taken together suggest that IL-22-mediated protective functions in hepatocytes are specifically mediated by binding with its receptor.
IL-22 levels are increased in patients with AH. Finally, we sought to examine serum levels of IL-22 in patients with AH. Samples were collected from normal controls, heavy drinkers without liver disease, and patients with AH. Clinical and demographic information about this cohort has been recently published (18) . Sera IL-22 levels were assayed by multiplex ELISA (Fig. 6A) . Unexpectedly, sera IL-22 levels were significantly increased in patients with AH compared with heavy drinkers and healthy control. IL-22 levels increased about sixfold in patients with severe AH compared with healthy control patients and over threefold compared with heavy drinkers without liver disease (Fig. 6A) . No significant differences in IL-22 levels were observed between alcoholics and normal healthy controls. Notable from the multiplex assay was that TNF␣ levels were also significantly higher in severe AH compared with healthy control and heavy drinkers (Fig. 6B) . We also found that the lymphocyte regulator IL-27 and chemokine CCL20/MIP3␣ were significantly increased in the severe AH group, whereas the anti-inflammatory cytokine IL-13 was significantly decreased (Fig. 6B) . IL-10 was also examined, although most samples were below the detection range in the conditions we used for the assay. In summary, these results indicate that in patients with AH, not only are inflammatory cytokines increased, but the reparative cytokine IL-22 is elevated as well, suggestive of deficiency in IL-22 binding with its receptor.
DISCUSSION
The major findings in the present study are that 1) macrophages produce IL-22 especially in response to protective cytokines such as IL-10, 2) IL-22 is downregulated by LPS in a JNK-dependent manner, and 3) macrophage-derived IL-22 protects hepatocytes from ethanol-induced apoptosis. Figure 6 summarizes these key findings, which are discussed in greater detail below.
First, we demonstrate that IL-22 is produced by mouse primary macrophages. Although T cells can produce high levels of IL-22, resident and recruited macrophages may account for Յ20% of nonparenchymal cells in the liver, and thus their contribution to local IL-22 production could be significant (23) . Further experiments indicate that IL-22 expression is downregulated in LPS-stimulated macrophage in a dose-dependent manner. Thus, in AH, gut-derived LPS may limit IL-22 production and abolish the hepatoprotective function of macrophage-derived IL-22, thereby promoting liver injury (12, 17, 24) . Conversely, IL-22 is upregulated in IL-10-induced macrophages, and IL-10 is one of the most important antiinflammatory cytokines and its production may promote liver repair (4, 21) . We anticipate that reparative macrophages could enhance anti-inflammatory capability and hepatic protection from alcoholic injury in part through IL-22 production. LPS activates macrophages through the TLR4 pathway with downstream activation of MAPKs (3, 6, 25) . Our study demonstrates that LPS promotes the phosphorylation of multiple MAPKs (ERK, JNK, and p38) but that IL-22 reduction in response to LPS is reversed only by a pharmacological JNK inhibitor and not by ERK, p38, and NF-B inhibitors. JNK has three isoforms; JNK1 and JNK2 are expressed in liver parenchymal cells, whereas JNK3 is restricted to the central nervous system (10, 25) . Current controversies relate to redundant vs. distinct functions of JNK isoforms (33) . In our study, silencing of JNK1 or JNK2 could each partially yet significantly prevent LPS-induced IL-22 inhibition. This would suggest both redundant and distinct functions of the isoforms in the JNK-induced regulation of macrophage IL-22.
Hepatocyte apoptosis plays a central role in hepatocyte death in alcoholic liver disease (8, 35) . IL-22 is believed to activate hepatic signal transducer and activator of transcription 3 (STAT3) and thereby facilitate proliferation and antiapoptosis responses in hepatocytes and ameliorate alcohol-induced liver injury (15) . Our study verifies that treatment of IL-22 recombinant protein promotes antiapoptosis in ethanol-induced hepatic injury and, more importantly, demonstrates that conditioned media from IL-10-stimulated macrophages can attenuate ethanolinduced hepatocyte apoptosis in an IL-22-dependent manner. This finding provides evidence that macrophage-derived IL-22 production prevents ethanol-induced hepatocyte apoptosis and may be biologically relevant and potentially beneficial in alcoholic liver disease.
In the present study, we unexpectedly found sera IL-22 levels are elevated in patients with AH compared with healthy controls and heavy drinkers. Additional analyses from our multiplex ELISA demonstrate that TNF␣, IL-27, and CCL20/ MIP3␣ are significantly increased in patients with AH compared with healthy controls and heavy drinkers. Why are IL-22 levels elevated in patients with AH despite the fact that LPS downregulates IL-22 and is thought to drive disease pathogenesis in these patients? First, severe AH is associated with bacterial infection, and it is known bacterial infection elevates IL-22 levels (28). Second, it is possible that IL-10-stimulated M2 macrophages may predominate in AH, contributing to increased IL-22 levels (12, 23, 31) . A model of macrophagederived IL-22 in attenuating alcohol-induced hepatocyte cell death is represented in Fig. 7 . Finally, and not mutually exclusively, the elevated sera IL-22 levels in patients with AH may indicate that AH is an IL-22-resistant state. Our ongoing clinical trial (NCT02655510 at https://clinicaltrials.gov/) will further explore how sera IL-22 levels undergo changes in patients with AH and effects on clinical phenotype, following recombinant IL-22 treatment and/or other therapies.
In summary, our study elucidates new regulatory mechanisms and potential hepatoprotective functions of macrophagederived IL-22 and provides a framework for further work on IL-22 in both human and animal studies. 
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